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Cerium-doped lithium niobate crystals are tested for holographic recording. A photochromic effect
is observed in crystals doped with cerium and manganese. But two-center recording in the sample
is not as effective as in iron and manganese doubly doped crystals. Photocurrent measurements in
cerium and iron singly doped crystals indicate that the photovoltaic constant in the cerium-doped
crystal is only one third of that of the iron-doped one. This is the main reason accounting for the low
sensitivity of cerium-doped lithium niobate crystals. However, in the diffusion dominated case, i.e.,
for reflection geometry, cerium-doped lithium niobate may give a strong effect. © 2000 American
Institute of Physics. @S0021-8979~00!08505-4#I. INTRODUCTION
Holographic data storage is a promising candidate for
the next-generation mass-storage system. It offers two sub-
stantial advantages over conventional storage technologies:
~1! multiple pages of data can be stored in the same volume,
~2! many bits are recalled in parallel. This enables a storage
device that has potentially a high storage density and data
transfer rate.1 Inorganic photorefractive oxide crystals such
as lithium niobate (LiNbO3,LN) have attracted much atten-
tion in the past due to their reversibility, moderate sensitiv-
ity, and availability in large size and good quality.1–4 The
storage of volume phase holograms in LiNbO3 relies on the
presence of localized centers containing electrons that can be
optically excited into the conduction band. Various transition
metals have been introduced into LiNbO3 for the improve-
ment of sensitivity and dynamic range.5,6 Among various
dopands, Fe is most effective in producing large improve-
ments in both the sensitivity and the maximum diffraction
efficiency. Recently two-center recording in Fe and Mn dou-
bly doped LiNbO3 has been realized to achieve persistent
storage.7 Illumination with ultraviolet light excites electrons
from deep center ~Mn! to the conduction band and some of
them may get trapped at the shallower center ~Fe!, which
permits the storage of data by using red light ~wavelength
633 nm!, but no erasure during the subsequent readout in the
absence of ultraviolet light. For the improvement of this
technique, a more red-sensitive dopand, which can replace
Fe, is very important.
Cerium is known to be an effective trap center, which
can provide and capture charge carriers, in different kinds of
photorefractive crystals including strontium–barium–niobate
~SBN!8 and barium–titanate (BaTiO3!.9,10 Ce-doped SBN
has a very high sensitivity at visible wavelength,8 and Ce-
doped BaTiO3 is sensitive to both visible and near infrared
light.9,10 Some previous reports on Ce and Fe doubly doped
LiNbO3 suggest that this material has a wide spectral re-
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from and to Fe centers is already well known, but the impact
of Ce doping on the buildup of space-charge fields in
LiNbO3 is still unclear. McMillen et al. have reported holo-
graphic recording in specially doped LiNbO3 crystals includ-
ing a Ce singly doped one,13 but no systematic consideration
for the role of cerium has been carried out. In our present
work, we have found that the Ce and Mn doubly doped
LiNbO3 has a strong photochromic effect, which may be
very attractive for two-center persistent data storage. In this
contribution, we investigate the photorefractive performance
of Ce-doped LiNbO3 crystals. Comparisons will be made
among the nominally pure, Ce-, Fe-, and Mn-doped samples.
II. SAMPLES
Singly doped ~Ce, Fe, and Mn! and doubly doped
~Ce:Mn, Fe:Mn!LiNbO3 samples as well as a nominally pure
one are used in present experiments. Notations, doping lev-
els, and dimensions of the samples are listed in Table I. All
doping levels refer to the values introduced into the melt. It
is known that even in nominally pure crystals there are usu-
ally some background impurities incorporated,14 but the con-
centrations of such background impurities are generally
much smaller than the intentionally doped impurity levels.
All samples are y cut and polished to optical quality.
Two kinds of thermal treatments have been conducted: oxi-
dation and reduction. During oxidation, the samples are kept
in an oven with oxygen atmosphere at 1000 °C for at least 12
h, while they are heated to 1000 °C in argon atmosphere for
12 h during reduction. In this way, the absorption of the
doped samples can be significantly changed, i.e., the valence
states of the trap centers can be varied.
III. EXPERIMENTS AND RESULTS
As mentioned above, the main purpose of this work is to
test whether Ce is an effective trap center in lithium niobate
crystals and to measure the performance of Ce-doped crys-
tals for holographic recording, especially in the red. So we
conducted measurements including conventional holographic1 © 2000 American Institute of Physics
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let light, and two-center recording as well as bulk photovol-
taic current measurements.
A. Photochromic effect
It is known that the crystals are often photochromic if
two kinds of trap centers exist between the valence and con-
duction bands, which means that the absorption can be
changed by illumination because of the redistribution of
charge carriers between these different traps. Three samples,
i.e., Mn:LN, Fe:Mn:LN, and Ce:Mn:LN are used in sensitiz-
ing measurements. All crystals are strongly oxidized before
the sensitization measurements were started to ensure that
most of electrons are removed from the shallower trap cen-
ters ~Ce or Fe!.
In our experiment, we use ultraviolet light ~wavelength
404 nm and intensity 4 mW/cm2! to illuminate the samples.
A very weak red beam ~633 nm! is used to probe the trans-
mission as a function of illuminating time. Figure 1 shows
the variation of the normalized transmission versus time for
different samples. The relative change of transmission in
Ce:Mn:LN is much larger than that in Fe:Mn:LN. We per-
form the sensitization measurement with the Mn singly
doped sample, too. As it can be seen from Fig. 1, no change
in absorption can be observed in this case, which means that
the absorption variation in Ce:Mn: LN can be attributed to
TABLE I. Description of the samples used in the experiments. The doping
concentrations are wt % of the oxide ~Fe2O3 , Ce2O3, and MnO! in the melt
and dimensions are a3b~thickness!3c in mm3.
Notation Dopant Doping level Dimensions
LN normally pure - 53537
Ce:LN Ce 0.01–0.02 53537
Fe:LN Fe 0.01–0.02 53537
Mn:LN Mn 0.05 43136
Ce:Mn:LN Ce 0.085 1032310
Mn 0.01
Fe:Mn:LN Fe 0.085 1032310
Mn 0.01
FIG. 1. Variation of normalized transmission at 633 nm for variously doped
LiNbO3 during illumination with ultraviolet light. Wavelength and intensity
of the ultraviolet light are 404 nm and 4 mW/cm2, respectively. The samples
were first strongly oxidized to ensure that most of the shallower centers are
emptied.Downloaded 27 Aug 2009 to 128.178.48.60. Redistribution subject tothe filling of Ce traps with the help of ultraviolet light and
not to some kinds of emptied background impurities.
The transmission spectra before and after ultraviolet il-
lumination in Ce:Mn:LN are measured and the results are
presented in Fig. 2. It can be seen that after 2 h illumination
by ultraviolet, there is a broad induced absorption in the
range from 450 to 650 nm. The large absorption caused by
ultraviolet makes the material promising for two-center re-
cording at red.
B. Sensitivity
A He–Ne laser operating at 633 nm is used for holo-
graphic recording. The total intensity I0 of the writing beams
is 26 mW/cm2. Both writing beams are ordinarily polarized
and impinge on the crystal symmetrically at an incident
angle of 23° in air. The grating vector of the interference
pattern is aligned along the crystallographic c axis. The dif-
fraction efficiency h is defined as the ratio between the dif-
fracted and incident beam intensities, while the recording
sensitivity is defined by S5(]Ah/]t)u t50 /(I0d), where d is
the thickness of the sample.
First we strongly reduce the samples including LN,
Ce:LN, Ce:Mn:LN, and Fe:LN. In Fig. 3 we show the re-
cording and erasure curves obtained in nominally pure, Ce-
doped and Fe-doped samples. All of the samples have the
same thickness. From these measurements, we get the sensi-
tivity data: S~LN!50.002 cm/J,S~Ce:LN!50.007 cm/J,
S~Ce:Mn:LN!50.020 cm/J,S~Fe:LN!50.033 cm/J. Clearly,
the increase of Ce concentration leads to an increase of re-
cording sensitivity. Mn traps are too deep to get involved in
holographic recording in red. Therefore, holographic record-
ing in Ce:Mn:LN is similar to a LiNbO3 crystal doped with
only 0.085 wt % Ce, corresponding to Ce concentration of
CCe51431024 m23. This is two times as large as the con-
centration in Fe:LN(CFe<731024 m23). However, the sen-
sitivity in Ce:Mn:LN is still smaller than that in Fe:LN.
FIG. 2. Transmission spectra of the Ce and Mn doubly doped sample
~Ce:Mn:LN! before ~dotted curve! and after ~solid curve! ultraviolet illumi-
nation. Wavelength and intensity of the ultraviolet light are 404 nm and 4
mW/cm2, respectively, and the illumination time is 2 h. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The large light-induced absorption at 633 nm caused by
ultraviolet light in Ce:Mn:LN is a very promising aspect for
two-center recording, but the smaller sensitivity of holo-
graphic recording in Ce-doped LiNbO3 compared to that in
the Fe-doped sample is a discouraging result. To be certain
whether Ce:Mn:LN is a good alternative to Fe:Mn:LN, we
conduct two-center recording in Ce:Mn:LN.
Two-center recording in Ce:Mn:LN is carried out by the
following procedure: the strongly oxidized sample is first
illuminated by incoherent ultraviolet light for about 2 h, then
two ordinarily polarized red beams are turned on with the
ultraviolet light still present. After 3 h recording, the ultra-
violet light and one of the red beams are turned off. The
diffracted beam intensity is monitored for about 10 h. As
shown in Fig. 4, the erasure of the recorded grating consists
of two parts: a fast decay and a relatively slow decay. These
are typical characteristics of two-center recording.7 The same
procedure is conducted for Fe:Mn:LN. A maximum diffrac-
tion efficiency of 25% is reached in this case, which is ap-
proximately 10 times as large as that obtained in Ce:Mn:LN.
FIG. 3. Evolution of the diffraction efficiency during holographic recording
and erasure in nominally pure, Ce-doped and Fe-doped LiNbO3. The three
samples have the same dimensions with the thickness d55 mm ~wavelength
of writing beam 633 nm, total intensity 26 mW/cm2, ordinary polarized,
grating vector along c axis, and grating spacing 0.8 mm!.
FIG. 4. Evolution of the diffraction efficiency during two-center holo-
graphic recording in Ce and Mn doubly doped LiNbO3. During recording,
ultraviolet light illuminates the sample, while it is blocked during readout.Downloaded 27 Aug 2009 to 128.178.48.60. Redistribution subject toD. Photovoltaic current
Recording sensitivity and saturated diffraction efficiency
depend on the photovoltaic constant.6,15 During homoge-
neous illumination, the short-circuited photocurrent density
is proportional to the absorbed power density, i.e.,
J5kaI , ~1!
where I is the incident intensity, a is the absorption coeffi-
cient, and k is the photovoltaic constant depending mainly
on absorption center and wavelength. For the thick samples,
the light depletion due to absorption must be considered and
an averaged light intensity I¯5I@12exp(2ad)#(ad)21 must
be used.
Measurements of the photocurrents are made with an
electrometer having an input impedance much less than the
crystal impedance. For illumination, we use a diode-pumped
frequency-doubled Nd:YAG laser ~wavelength 532 nm and
power 400 mW!. The ordinarily polarized beam is expanded
to illuminate the whole sample homogeneously. All mea-
surements are made at room temperature ~25 °C!. After the
illumination beam illuminates the sample for at least 10 min,
the steady-state photocurrent is detected. The delay is re-
quired to eliminate the influence of pyroelectric currents.16
The determined photovoltaic constant for reduced Fe:LN is
k51.331029 cm/V at 532 nm, which is in good agreement
with the results reported by Kra¨tzig and Kurz.6 For reduced
Ce:LN, k50.431029 cm/V at 532 nm is measured. Ordi-
narily polarized red light ~633 nm! is also employed to illu-
minate the samples. In the case of Fe:LN k50.8
31029 cm/V is obtained, while the value of the photovoltaic
constant in Ce:LN cannot be determined under the present
experimental accuracy.
E. Reflection grating
In LiNbO3 crystals, bulk photovoltaic currents as well as
diffusion currents contribute to formation of the space-
charge field during holographic recording. With a decrease
of the grating spacing, the diffusion field becomes more
important.17 The dynamics of the formation of the reflection
grating can be used for detection of diffusion-related proper-
ties.
In our experiment, two ordinarily polarized beams im-
pinge on the two opposite c faces of the Ce:LN crystal, with
an angle of incidence of about 5° in air. The length of the
sample along the c axis is 7 mm. The diffraction efficiency
as a function of recording time is monitored. For the sake of
comparison with the performance of transmission gratings,
we convert the efficiency into the modulation of refractive
index by taking reflection into account using the following
relations:18
h5R sin2S pDndl cos u iD , ~2!
for the transmission grating and
h5R tanh2S pDndl cos u iD ~3!
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factor caused by reflection loss, u i is the angle of incidence
inside the crystal, d is the thickness along the grating vector,
and the absorption is not considered due to the small value at
red. As shown in Fig. 5, recording in the reflection geometry
is faster than that in the transmission geometry. The corre-
sponding sensitivity in the case of reflection geometry is S
50.009 cm/J. The modulation of refractive index in the re-
flection geometry is twice as large as that in the transmission
grating for Ce:LN. In Fe:LN, however, the reflection grating
is only 1.4 times stronger than the transmission grating.
IV. DISCUSSION
The experimental results described above clearly show
that Ce is a photorefractive dopand for LiNbO3. An increase
of the Ce concentration leads to a substantial increase of the
sensitivity in the red spectral region. It is very interesting that
the absorption change in Ce:Mn:LN with the aid of ultravio-
let illumination is larger than that in the Fe:Mn:LN. Because
red light essentially cannot excite electrons from Mn traps,
the absorption of doubly doped LiNbO3 for red light is pro-
portional to the density of the filled shallower traps ~Fe or
Ce!. Anyhow, the recording sensitivity in Ce singly doped
LiNbO3 is smaller than that in the Fe-doped one even
through the concentration of Ce ions is twice as large as that
of Fe ions. We know that in LiNbO3 both the sensitivity and
the maximum diffraction efficiency depend on the photovol-
taic constant. So the smaller sensitivity in the Ce-doped
sample can be attributed to the much smaller photovoltaic
constant. Photovoltaic constant can be expressed as19
k5~e/hn0!FL , ~4!
where hn0 is the photon energy, F is the quantum efficiency
that an absorbed photon will produce in a photoionized
charge, and L is the migration length of an electron in the
conduction band before it is recaptured. From the results
FIG. 5. Modulation of the refractive-index as a function of recording time
for reflection geometry ~solid curve! and transmission geometry ~dotted
curve! in Ce:LN. Wavelength and intensity of writing beam are 633 nm and
26 mW/cm2, respectively. In transmission geometry both beams impinge on
the b face with an angle of 23°, while in reflection geometry both beams
impinge on the two opposite c faces with angle 5° in air. The grating vector
of the interference pattern is in both cases aligned along the crystallographic
c axis.Downloaded 27 Aug 2009 to 128.178.48.60. Redistribution subject toobtained with light of 532 nm, we get FL53310211 m for
the Fe-doped sample, while FL is approximately 1
310211 m for the Ce-doped sample.
The amplitude of the steady-state space-charge field Esc
in photorefractive materials is determined by20
Esc5F EP2 1ED2~11ED /Eq!21~Ep /Eq8!2G
1/2
, ~5!
where EP is the photovoltaic field which is proportional to
the ionized trap density, ED is the diffusion field which de-
pends linearly on the amplitude of the grating vector, and Eq
and E8q are limiting space-charge fields determined by ef-
fective trap density and filled trap density, respectively. In
the case of oxidized Fe:LiNbO3 where the density of emptied
Fe centers is much larger than that of filled centers, the satu-
rated refractive index is inversely proportional to the grating
spacing. This means that a reflection grating should have a
smaller amplitude compared to that of a transmission
grating.21 But the sample we used in the reflection geometry
is strongly reduced. If we suppose that no limitation of
space-charge fields is present, Eq. ~5! simplifies to
Esc5~EP
2 1ED
2 !1/2. ~6!
We know that EP is the same in both transmission and re-
flection geometry. However, ED is larger in reflection geom-
etry. This is due to the fact that ED is inversely proportional
to the grating spacing. Therefore, we expect to obtain a
larger Esc . The enhancement of performance for the Fe-
doped sample in the reflection geometry is not so large. This
can be attributed to a much higher photovoltaic field, which
is independent of the amplitude of the grating wave vector.
In conclusion, Ce is an active red-sensitive photorefrac-
tive center in LiNbO3 and can play an important role in
charge transport during holographic recording. However, the
photovoltaic constant in Ce-doped crystals is smaller than
that in Fe-doped ones. This makes the recording in Ce-doped
crystals not as sensitive as that in Fe-doped crystals. In re-
flection geometry, where diffusion field makes more contri-
bution, the photorefractive performance of Ce-doped
samples is enhanced.
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